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Abstract—Objective: Chronic kidney disease affects7
more than 10% of the world population. Changes in serum8
ion concentrations increase the risk for ventricular ar-9
rhythmias and sudden cardiac death, particularly in end-10
stage renal disease (ESRD) patients. We characterized how11
T wave amplitude, duration and morphology descriptors12
change with variations in serum levels of potassium and13
calcium and in heart rate, both in ESRD patients and in14
simulated ventricular fibers. Methods: Electrocardiogram15
(ECG) recordings from twenty ESRD patients undergoing16
hemodialysis (HD) and pseudo-ECGs (pECGs) calculated17
from twenty-two simulated ventricular fibers at varying18
transmural heterogeneity levels were processed to quantify19
T wave width (Tw), T wave slope-to-amplitude ratio (TS/A)20
and four indices of T wave morphological variability based21
on time warping (dw, dNLw , da and d
NL
a ). Serum potassium22
and calcium levels and heart rate were measured along23
HD. Results: dNLa was the marker most strongly correlated24
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with serum potassium, dw with calcium and da with heart 25
rate, after correction for covariates. Median values of partial 26
correlation coefficients were 0.75, −0.74 and −0.90, respec- 27
tively. For all analyzed T wave descriptors, high inter-patient 28
variability was observed in the pattern of such relation- 29
ships. This variability, accentuated during the first HD time 30
points, was reproduced in the simulations and shown to be 31
influenced by differences in transmural heterogeneity. Con- 32
clusion: Changes in serum potassium and calcium levels 33
and in heart rate strongly affect T wave descriptors, par- 34
ticularly those quantifying morphological variability. Sig- 35
nificance: ECG markers have the potential to be used for 36
monitoring serum ion concentrations in ESRD patients. 37
Index Terms—Calcium, heart rate, hemodialysis, potas- 38
sium, time warping, transmural heterogeneity, T wave mor- 39
phology, ECG, in silico modeling. 40
I. INTRODUCTION 41
CHRONIC kidney disease represents a global health burden, 42with an estimated 10% of the population being affected. 43
All stages of this disease, but particularly the late ones, are asso- 44
ciated with increased mortality and decreased quality of life [1]. 45
Hemodialysis (HD) is a common treatment for patients in whom 46
the disease has progressed to end-stage renal disease (ESRD). 47
The main causes of death among ESRD patients undergoing 48
HD are cardiovascular diseases, all together accounting for 43% 49
of mortality [2]. Many of these deaths are due to ventricular 50
arrhythmias and sudden cardiac death [3]. 51
ESRD patients show impaired ability to maintain electrolyte 52
balance in the bloodstream. Serum potassium ([K+]) and cal- 53
cium ([Ca2+]) levels outside normal ranges, in the form of 54
hypo- or hyperkalemia and hypo- or hypercalcemia, are known 55
to increase the risk for life-threatening arrhythmias [4]–[7]. HD 56
can even enhance arrhythmic risk due to changes in volume 57
and electrolyte concentrations associated with the intermittent 58
nature of the treatment [8]. 59
[K+] and [Ca2+] variations are known to influence the elec- 60
trocardiogram (ECG) [7], [9]–[11]. In a recent large-scale study 61
on unselected individuals, shorter QT intervals were associated 62
with higher [K+] and [Ca2+] [7]. In [12], a single-lead ECG 63
estimator of [K+] based on the ratio of the T wave downward 64
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slope and the square root of T wave amplitude was proposed65
and validated in 19 HD patients. On a similar basis, a multi-lead66
ECG estimator of [K+] based on the ratio of the downward67
slope and amplitude of the T wave was proposed and validated68
in 45 HD patients [13]–[15]. Computational modeling has also69
been used to assess the effects of changes in [K+], [Ca2+] and70
sodium ([Na+]) concentrations on simulated action potentials71
(APs) and ECGs [16]–[18]. An inverse relationship between72
[K+] and [Ca2+], on the one hand, and simulated QT and RT73
intervals, on the other, was reported, with negligible effects of74
[Na+] changes on those intervals. These in silico studies were,75
however, based on a single ventricular model not accounting for76
potential inter-individual variability.77
Although the mentioned studies suggest that it is possible to78
monitor changes in [K+] and [Ca2+] based on ECG analysis,79
further investigation is needed to demonstrate the feasibility80
of such approach. On the one hand, most of the proposed81
markers rely on only one specific ECG interval duration or82
wave amplitude that may present large variations not necessarily83
associated with electrolyte levels. Also, some of the proposed84
ECG markers cannot always be robustly measured due to diffi-85
culties in the delineation of low-amplitude waves, which could86
hinder their use for ambulatory monitoring. Importantly, the87
physiological underpinnings of changes in the proposed ECG88
markers in association with electrolyte variations have not been89
well established. We hypothesize that markers accounting for90
the whole T wave morphology can more robustly character-91
ize repolarization changes associated with different [K+] and92
[Ca2+] levels and, thus, be better suited for non-invasive elec-93
trolyte estimation. Additionally, simulation of ECGs from a94
set of human ventricular tissue models representing potential95
inter-patient differences can help in the interpretation of the96
obtained results.97
The aim of this work is to characterize changes in T wave98
amplitude, duration and morphology, the latter both in the time99
and amplitude domains, during HD in relation to [K+] and100
[Ca2+] variations. Since heart rate (HR) may play a role in those101
relationships, its effects are also assessed. To uncover potential102
cellular mechanisms underlying differential T wave responses103
to variations in [K+], [Ca2+] and RR (inverse of instantaneous104
HR), a set of transmural ventricular fibers covering a wide105
range of cellular heterogeneities is simulated and pseudo-ECGs106
(pECGs) are computed. A sensitivity analysis is performed to107
investigate the extent to which different proportions of endocar-108
dial, midmyocardial and epicardial cells contribute to explain109
inter-individual differences in T wave amplitude, time and mor-110
phology, particularly for [K+] and [Ca2+] values outside normal111
ranges. Preliminary results were presented as a conference con-112
tribution [19].113
II. MATERIALS AND METHODS114
A. Study Population and Data Analysis115
The study population included 20 ESRD patients from Hospi-116
tal Clínico Universitario de Zaragoza (HCUZ). 48-hour 12-lead117
ECGs were acquired at a sampling frequency of 1 kHz with an118
amplitude resolution of 3.75 μV (H12+, Mortara Instruments,119
Milwaukee, WI, USA). The acquisition started 5 minutes before120
Fig. 1. Diagram of the study protocol. h0 to h5 are the time points (in
minutes) for blood sample extraction.
TABLE I
CHARACTERISTICS OF THE ESRD STUDY POPULATION. VALUES ARE
EXPRESSED AS NUMBER (%) FOR CATEGORICAL VARIABLES AND MEDIAN
(INTERQUARTILE RANGE) FOR CONTINUOUS VARIABLES
the onset of HD treatment and lasted for 48 hours (Fig. 1, bottom 121
blue line). Five blood samples were taken and analyzed for [K+] 122
and [Ca2+] during the HD session: the first one at the HD onset 123
and the next three samples every hour during the HD session 124
(Fig. 1, h0 to h3 in red). The 5th blood sample was collected 125
at the end of the HD (h4, at minute 215 or 245, depending 126
on the patient). A 6th blood sample, h5, was taken after 48 127
hours, immediately before the next HD session, but was not 128
analyzed as part of this work. The study protocol was approved 129
by the ethical committee (CEICA ref. PI18/003) and all patients 130
signed the informed consent form. Table I shows the population 131
characteristics. 132
B. ECG Pre-Processing 133
Pre-processing of ECG signals from ESRD patients included 134
band-pass filtering (0.5–40 Hz) to remove baseline wander as 135
well as muscular and powerline noise. A wavelet-based single- 136
lead delineation method was used for QRS detection and wave 137
delineation of each of the twelve leads [20]. 138
Principal component (PC) analysis was spatially applied to 139
the T waves of the eight independent leads [21] to enhance the 140
T wave energy. The coefficients defining the PC transformation 141
were obtained from the eigenvectors of the 8× 8 inter-lead auto- 142
correlation matrix estimated by including all segmented T waves 143
within a 10-minute window at the end of the HD session, as this 144
is the time when the patient was discharged from hospital with 145
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ambulatory monitoring. The first PC computed by projecting the147
ECG recording was used for subsequent ECG analysis, as it is148
the transformed lead where the T waves have maximal energy,149
thus allowing better morphological characterization.150
The T waves in the first PC were delineated using the single-151
lead delineation algorithm described in [20]. The onset, peak and152
end of the T waves were determined [20] and used for subsequent153
computation of T wave markers.154
C. Time, Amplitude and Morphology-Based155
T wave Descriptors156
1) Time and Amplitude T Wave Markers: Time- and157
amplitude-based T wave descriptors were computed from mean158
warped T waves (MWTWs). To obtain a MWTW, which is an159
optimal representative average both in temporal and amplitude160
domains [22], two-minute ECG segments at the end of each161
HD hour were analyzed. A predominant T wave polarity was162
defined as the most frequent in the analyzed two-minute win-163
dow. T waves having the predominant polarity were aligned164
with respect to their gravity center and used to compute an165
initial MWTW [22]. After removing outliers from the selected166
T waves, the remaining T waves presenting strong correlation167
(Spearman’s correlation coefficient > 0.98) with the previous168
initial MWTW were considered to compute the final MWTW.169
The analyzed T wave descriptors, computed from MWTWs170
at time points h0, h1, h2, h3 and h4 during HD, included:171
 Tw, representing T wave width calculated from T wave172
onset to T wave end (expressed in ms) [20].173
 TS/A, representing the ratio between the maximal down-174
ward slope (in absolute value) and the amplitude of the175
T wave (expressed in 1/ms) [14], [15].176
2) T wave Markers Based on Morphological Character-177
istics: Morphology-based T wave descriptors were computed178
using the time-warping methodology described previously [22].179
For the patients’ ECGs, reference T waves were calculated from180
the MWTW at the end of the HD session.181
The T wave for a given HD time point was expressed182
as fs(ts) = [fs(ts(1)), . . ., fs(ts(Ns))] and the reference183
T wave as fr(tr) = [fr(tr(1)), . . ., fr(tr(Nr))], where tr =184
[tr(1), . . ., tr(Nr)]
, ts = [ts(1), . . ., ts(Ns)] and Nr and Ns185
are the total durations of tr and ts, which are the uniformly186
sampled time vectors corresponding to the T waves fs and fr,187
respectively. Fig. 2 (a) shows fr and fs, with their respective188
time domains, tr and ts. Let γ(tr) be the warping function that189
relates tr and ts, such that fs(γ(tr)) denotes the time-domain190
warping of fs(ts) using γ(tr). The square-root slope function191
(SRSF) transformation was used to find the optimal warping192
function by warping the SRSFs of the original T waves [22].193
This transformation is defined as:194
qf (t) = sign(ḟ(t))|ḟ(t)| 12 . (1)
The optimal warping function was determined as the one mini-195
mizing the SRSF amplitude difference:196
γ∗ (tr)= argmin
γ(tr)
(∥∥∥qfr (tr)− qfs (γ (tr))√γ̇ (tr)
∥∥∥). (2)
Fig. 2. Linear and non-linear time warping for a patient. Panel (a)
shows reference (blue) and investigated (red) T waves obtained from an
ECG segment during HD. Panel (b) shows the warped T waves, which
have the same duration while keeping the original amplitude. Panel (c)
depicts the warped T waves after normalization by their L2-norms. The
area (cyan region) between both T waves in panel (d) represents dw,
which quantifies the total amount of warping. The black solid line is the
linear regression function γ∗l (t
r) best fitted to γ∗(tr). The marker dNLw
quantifies the non-linear warping by computing the area of the dashed
grey region between γ∗(tr) and γ∗l (t
r).
A dynamic programming algorithm was used to obtain the 197
function γ∗(tr) that optimally warps fr(tr) into fs(ts). This 198
function is shown in Fig. 2 (d). The warped T wave, fs(γ∗(tr)), 199
is shown in Fig. 2 (b), together with the reference T wave, fr(tr). 200
The descriptor dw, shown in Fig. 2 (d), was used to quantify 201
the level of warping required to optimally align the T waves 202














∗(tr(n))− tr(n)) +∑Nrn=Nur +1(tr(n)− 204
γ∗(tr(n))) is used to account for the sign, with Nur denoting 205
the number of samples in the T wave upslope. 206
The amplitude descriptor da was computed from the area 207
contained between fr(tr) and fs(γ∗(tr)) normalized by the 208
L2-norm of fr(tr), thus quantifying amplitude differences after 209









s(γ∗(tr(n)))− fr(tr(n))) is used to ac- 211
count for the sign. 212
The warping parameter dw has a positive sign if the analyzed 213
T wave is globally widened during the warping procedure to 214
fit the reference T wave, and a negative sign if the T wave 215
is compressed. In the amplitude domain, da is positive if the 216
warped T wave has larger amplitude than the reference T wave, 217
and negative if the T wave has smaller amplitude. 218
The marker dw incorporates information from the linear and 219
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|γ∗(tr(n))− γ∗l (tr(n))|, (5)
where γ∗l (t
r) (black line in Fig. 2 (d)) was derived by linearly222
fitting γ∗(tr) through the least absolute residual method.223
The marker dNLa was defined by computing the L2 norm of224









The set of all morphology-based T wave markers analyzed in227
this study included:228
 dw, representing temporal variations in T wave morphol-229
ogy (expressed in ms),230
 da, representing amplitude variations in T wave morphol-231
ogy (expressed as a %),232
 dNLw , representing non-linear temporal variations in T wave233
morphology (expressed in ms),234
 dNLa , representing non-linear amplitude variations in235
T wave morphology (expressed as a %).236
D. Relationship Between T Wave Markers and [K+],237
[Ca2+] and HR Variations238
To assess the effects of [K+], [Ca2+] and RR on each investi-239
gated T wave marker at different time points during HD, linear240
correlation analysis was performed [23], [24]. Let X represent241
[K+], [Ca2+] or RR and let Y be one of the markers Tw, TS/A,242
dw, da, dNLw and d
NL
a . The correlation coefficient between X and243
Y was then computed as:244
ρXY =
∑
(X − X̄)(Y − Ȳ )√∑
(X − X̄)2 ·∑(Y − Ȳ )2 . (7)
where X̄ and Ȳ are the sample means.245
To independently quantify the effects of [K+], [Ca2+] and RR246
on each T wave marker, linear partial correlation analysis was247
performed [25], [26]. The correlation coefficient after removing248
the effects of Z in both X and Y was calculated as:249
ρXY ·Z =
ρXY − ρXZρZY√
(1− ρ2XZ) · (1− ρ2ZY )
. (8)
The correlation coefficient between X and Y after removing the250
effects of two variables Z0 and Z1 was calculated as:251
ρXY ·Z0Z1 =
ρXY ·Z0 − (ρXZ1 ·Z0) · (ρY Z1 ·Z0)√
(1− ρ2XZ1 ·Z0) · (1− ρ2Y Z1 ·Z0)
, (9)
where Z0,Z1 ∈ {[K+], [Ca2+],RR}.252
To test for significant differences in [K+], [Ca2+], RR, Tw,253
TS/A, dw, da, dNLw and d
NL
a at different HD time points, Wilcoxon254
signed-rank tests were performed [27] and p-values (p) were255
computed. The use of a non-parametric statistical test was based256
on the lack of normality of the data distributions according to257
Shapiro-Wilk test.258
Also, to test whether Pearson correlation between each T wave 259
marker and [K+], [Ca2+] or RR was significantly different from 260
0 in mean over the population, Student’s t-test was performed 261
after converting the statistical distribution of ρ into a normal 262
distribution by application of Fisher’s z transform [28]. 263
E. In Silico Population of Human Ventricular Fibers 264
Transmural electrical propagation from ventricular endo- 265
cardium to epicardium was simulated using one-dimensional 266
fibers of 1.65 cm in length [15], [29]. Cellular electrophysiology 267
was represented by the human ventricular AP model proposed 268
by Ten Tusscher and Panfilov [30]. To adequately represent 269
the relationship between AP duration (APD) and [Ca2+], the 270
updates to the Ten Tusscher-Panfilov model published in [31] 271
were incorporated. 272
Different proportions of endocardial, midmyocardial and epi- 273
cardial cells were simulated in a total of 22 combinations with 274
10% variations in the proportion of each cell type: endocardial 275
layer ranging from 10% to 50%, midmyocardial layer from 10% 276
to 50% and epicardial layer from 20% to 80%. We used the 277
notation Cuvw, where C stands for the word “case” and u, v 278
and w denote the first digit of the proportions of endocardial, 279
midmyocardial and epicardial cells, respectively (e.g. C334 280
represents the case with 30%, 30% and 40% of endocardial, 281
midmyocardial and epicardial cells, respectively). 282
A train of 10 stimuli was applied to the first cell of each 283
fiber with a basic cycle length of 1000 ms and amplitude equal 284
to 1.5 times the diastolic threshold. The initial state for each 285
simulation was pre-calculated from a single cell simulation, 286
where the values of the model state variables after 1000 paced 287
beats were considered as representative of the cell at steady 288
state. To compute electrical propagation, a finite element-based 289
software [32] was used with a time step of 0.01 ms and space 290
discretization of 0.01 cm. 291
Unipolar pECGs were computed as described in previous 292
studies [29] using the expression: 293
Ve(x,
′ y,′ z′) = ε
∫












where ε is a constant proportional to the ratio of intracellular and 294
extracellular conductivities, V (x, y, z) is the transmembrane 295
potential and r(x, y, z) is the distance between each source 296
point (x, y, z) in the 1D fiber and the virtual electrode (x,′ y,′ z′) 297
located, in this study, 2 cm away from the epicardium in the fiber 298
direction: r(x, y, z) = ((x− x′)2 + (y − y′)2 + (z − z′)2)1/2, 299
where y = y′ and z = z′ are constant. 300
F. Effects of [K+], [Ca2+] and HR Variations on 301
Simulated T waves 302
To assess the extent of the contribution of each investi- 303
gated factor, i.e. [K+], [Ca2+] and RR, to T wave character- 304
istics, simulations were conducted for each ventricular fiber 305
under varying values of those factors and the corresponding 306
pECGs were computed. The range of simulated [K+] values 307
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i.e. [K+] = 5.4 mM, as well as other levels below and above309
it: [K+] ∈ {3, 4, 5.4, 6.2} mM. In the case of [Ca2+], the range310
of simulated values included the default level of 2 mM, and311
values around it: [Ca2+] ∈ {1.4, 2, 2.6, 3.2} mM. For RR, the312
variations were in accordance to the range measured from the313
ECGs of the patients: RR ∈ {0.6, 0.8, 1, 1.2} s. In the following,314
the notationF{[K+], [Ca2+]RR} is used to represent simulated315
cases with varying [K+], [Ca2+] and RR.316
The last pECG beat of each simulated condition was delin-317
eated using the same delineation method mentioned above [20].318
The time-, amplitude- and morphology-based T wave de-319
scriptors of section II-C were measured over those pECGs.320
For warping-based markers, reference T waves were calcu-321
lated from the simulated beats generated for minimum [K+]322
(3 mM) and maximum [Ca2+] (3.2 mM) and RR (1.2 s), that is323
F{3 mM; 3.2 mM; 1.2 s}.324
G. Sensitivity Analysis for Assessment of325
Inter-Individual Variability326
Sensitivity analysis was performed to assess how the propor-327
tion, a, of endocardial, midmyocardial and epicardial cell layers,328
c, modulated T wave morphology descriptors, Y , at different329
[K+], [Ca2+] or RR levels. For each T wave descriptor at each330
given concentration of [K+] ([Ca2+] or RR, respectively), the331
percentage of change (DY ;c;ai) and its sensitivity (SY ;c;a1,a2) to332
changes in the proportion of cells of each ventricular layer were333










a2 − a1 =
(Yc;a2−Yc;a1)1002
YC334 (a2 − a1) ,
(12)
where Yc;a is the average value of the T wave marker Y from335
all possible combinations Cuvw sharing a proportion a, at336
the c layer of endocardial, midmyocardial or epicardial cells,337
c ∈ {Endo,Mid,Epi}, with respect to case C334, which was338
used as a reference [34]. The values of a1 and a2 were taken as339
the minimum and maximum proportions of cells in each layer,340
respectively: 10% and 50% for endocardial and midmyocardial341
cells, and 20% and 80% for epicardial cells.342
YC334 is the value of the T wave descriptor for reference case343
C334. Thus, DY ;c;ai measures the mean percentage of change344
in the T wave marker Y when varying the proportion of cells345
in layer c to a percentage ai, i ∈ {1, 2}, with respect to that in346
C334. SY ;c;a1,a2 measures the sensitivity of Y when varying the347
proportion of cells in layer c from a1 to a2.348
III. RESULTS349
A. Characterization of T wave Changes During HD350
Fig. 3, panels (a–f), presents the results for all the T wave351
markers during the HD session for the 20 analyzed patients,352
while panels (g-i) present the evolution of [K+], [Ca2+] and RR353
during the session. In all these panels, significant differences354
between consecutive HD time points are indicated. The bottom 355
panels illustrate variations in T waves for one patient during the 356
session, with the reference T wave at the end of the HD session 357
shown in blue and each investigated T wave shown in red. [K+] 358
and [Ca2+] vary strongly during the session, whereas the RR 359
interval varies much less. 360
A decreasing trend of TS/A, dw, dNLw da and d
NL
a and an 361
increasing trend of Tw during the HD session can be observed, 362
with significantly different values along time. In the bottom 363
panels, significant changes in the T wave morphology are seen 364
to accompany the fluctuations of [K+], [Ca2+] and RR during 365
the session. In the example shown in the bottom panels of Fig. 3 366
for a particular patient, tall and narrow peaked PCA-transformed 367
T waves are observed at the start of the HD session (h0) corre- 368
sponding to maximal [K+]. 369
B. In Silico Assessment of T Wave Changes 370
Due to [K+] Variations 371
T wave markers computed from simulated pECGs at varying 372
[K+] are shown in Fig. 4. Panels (a-d) show the simulated 373
APs along the 1-D fiber for the simulated case C154 and 374
F{[K+]; 2.0 mM; 1.0 s} when [K+] is varied from 6.2 mM to 375
3 mM. The range of simulated [K+] values approximately cor- 376
responds to the maximum and minimum [K+] range calculated 377
from the patients’ blood data. The corresponding changes in the 378
simulated pECGs are shown in panels (e-h). It can be observed 379
from the figure that a variation in [K+] causes AP shortening or 380
prolongation in endocardial, midmyocardial and epicardial cells 381
and therefore shorter or longer QT intervals as well as variations 382
in the width, amplitude and morphology of the T wave. 383
T wave markers computed from the simulated pECGs are 384
presented in panels (i-n) for the different levels of [K+]. All 385
T wave markers present clear variations with [K+], reproducing 386
a behavior observed in the patients (Fig. 3). A decreasing trend 387
of dw and dNLa from the maximum to the minimum level of 388
[K+] was observed in all the simulated cases (panels j and n). 389
Monotonic trends ofTw,TS/A, da and dNLw were observed in most 390
of the simulated cases (panels i, l, m and n). 391
The bottom panels in Fig. 4 illustrate variations in T waves for 392
simulated fiber C154 from the maximum to the minimum level 393
of [K+] corresponding to the average value of [K+] during HD 394
in the analyzed patients, with the reference T wave (blue) and 395
each investigated T wave (red) being displayed. More peaked 396
T waves with varying width and morphology are observed with 397
increasing [K+] levels for the case shown. 398
C. in Silico Assessment of T wave Changes Due to 399
[Ca2+] and HR Variations 400
APs and T wave markers computed from pECGs at vary- 401
ing [Ca2+] and RR are shown in Fig. 5. Panels (a and b) 402
illustrate changes in APs for simulated case C154 and 403
F{5.4mM; [Ca2+]; 1.0s} under varying [Ca2+] while panels (e 404
and f) present APs for F{5.4mM; 2.0mM;RR} under varying 405
RR for endocardial (black), midmyocardial (green) and epi- 406
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Fig. 3. Panels a–f: Dynamics of Tw, TS/A, dw, da, dNLw and d
NL
a during the HD session. Panels g–i: Evolution of [K
+], [Ca2+] and RR during the
session. In panels a-i, * indicates p < 0.05 and ** indicates p < 0.01 in the comparison of each marker between consecutive time points. In each
panel, the central line (red) indicates the median, whereas bottom and top edges show the 25th and 75th percentiles, respectively. Each purple dot
corresponds to an individual patient. In the bottom panels, red T waves illustrate the PCA-transformed T waves of a patient from the start to the end
of the HD session, with Δ denoting the change in [K+] with respect to the end of the HD session (h4). The blue line indicates the reference T wave
at the end of the HD session used in the computation of time-warping markers.
specifically T waves, are presented for varying [Ca2+] and RR408
in panels (c, d, g, h, i and j).409
From panels (a-d), it can be observed that lower [Ca2+] causes410
AP prolongation in all the cell types and, consequently, longer411
QT intervals. Panel (i) shows that the width and amplitude of412
the T wave increase with decreasing [Ca2+] and the morphology413
varies too. From panels (e-h) it can be seen that an increase in414
the RR interval causes AP prolongation and, thus, longer QT415
intervals (panels e-h). In the middle panel (j), the width and416
amplitude of the T wave are shown to increase with increasing417
RR, which is accompanied by changes in the T wave shape.418
Changes in the T wave markers when varying [Ca2+],419
F{5.4mM; [Ca2+]; 1.0 s} (red bar), and when varying RR,420
F{5.4mM; 2.0mM;RR} (green bar), are presented for the 22421
simulated cases in panels (k-p) and compared with the changes422
measured after varying [K+]F{[K+]; 2.0mM; 1.0s} (blue bar).423
A monotonic rise in dw and dNLw (panels l and m) as well as424
decreasing trends in da and dNLa (panels o and p) are observed425
from the minimum to the maximum levels of [Ca2+]. However,426
Tw and TS/A do not show a clear trend at varying levels of [Ca2+]427
(panels k and n). As for the effects of increasing RR, trends428
towards lower TS/A, dw, dNLw and d
NL
a can be observed (panels l,429
m, n and p). Similarly, an increasing trend of da and a monotonic 430
rise in Tw at increasing RR (panels k and o) are shown. 431
It can be noted from the figure that T wave markers, partic- 432
ularly morphology-based ones, show remarkable variations at 433
varying [K+], [Ca2+] and RR. However, [K+]-induced varia- 434
tions are more visible than those induced by [Ca2+] and RR. 435
D. Contribution of [K+], [Ca2+] and HR Variations to 436
T Wave Changes in Vivo and in Silico 437
To assess the relationship between electrolyte or RR variations 438
and the corresponding changes in T wave markers, a correlation 439
analysis was performed, both for ECG recordings from the 440
patients and simulated pECGs. Results are presented in Fig. 6. 441
The three graphics in panel (a) illustrate the linear correlation 442
coefficients ρ between [K+], [Ca2+] or RR and each of the 443
analyzed T wave markers computed from the patients’ ECGs. 444
Panel (b) shows the corresponding linear partial correlation 445
coefficients after removing the effects of the other two covariates 446
([K+], [Ca2+] or RR). Panel (c) shows the linear correlation 447
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Fig. 4. Panels a-d: Simulated endocardial (black), midmyocardial
(green) and epicardial (red) APs for simulated fiber C154, and
F{[K+]; 2.0mM; 1.0 s}. Panels e-h: ECGs for varying [K+]. Panels i-n:
Changes in Tw, TS/A, dw, da, dNLw and d
NL
a for simulated fibers when
varying [K+]. Central red lines indicate the median, whereas bottom
and top edges show the 25th and 75th percentiles, respectively. Each
purple dot corresponds to an individual simulated fiber. In the bottom
panels, red traces indicate the T waves of a simulated fiber from an
initial (maximum) to a final (minimum) value of [K+] corresponding to
average [K+] values in the analyzed patients. The blue line indicates
the reference T wave used when computing time-warping markers.
Most of the analyzed T wave markers strongly correlated with450
[K+].Tw,TS/A,dw anddNLa were the most highly correlated ones,451
with median ρ of −0.94, 0.87, 0.88 and 0.80, respectively, in the452
patients, and −0.97, 0.86, 0.97 and 0.95, respectively, in the453
simulations. However, only dNLa was strongly correlated with454
[K+] when the effects of [Ca2+] and RR in the patient’s data455
were removed (median value of partial correlation coefficient of456
0.75).457
Similarly, Tw, TS/A, dw and dNLa were strongly correlated458
with [Ca2+] (median value of ρ of 0.79, −0.82, −0.80 and459
−0.74, respectively, in the patients, and −0.75, 0.91, 0.42 and460
−0.99, respectively, in the simulations). In this case, only dw461
was strongly correlated with [Ca2+] when removing the effects462
of [K+] and RR (median value of partial correlation coefficient463
of −0.74) in the patients’ data.464
As for the relationship between T wave markers and RR, only465
da presented a strong correlation in both patients’ and simulated466
ECGs (median ρ of −0.67 for Pearson correlation and −0.90467
for partial correlation in the patients, and of 0.99 for Pearson468
correlation in the simulations).469
Table II shows the p-values from the Student’s t-test ap-470
plied to assess the statistical significance of non-zero mean471
Fisher’s z-transformed Pearson correlation coefficients between472
T wave markers and each of [K+], [Ca2+] and RR in the patient473
Fig. 5. Panels a, b: Simulated endocardial (black), midmyocar-
dial (green) and epicardial (red) APs for simulated fiber C154,
F{5.4mM; [Ca2+]; 1.0 s} under varying [Ca2+]. Panels c, d, i: ECGs
and T waves for [Ca2+] variations. Panels e, f: Simulated endocardial
(black), midmyocardial (green) and epicardial (red) APs for simulated
fiber C154, F{5.4mM; 2.0mM;RR}, under varying RR. Panels g, h, j:
ECGs and T waves for RR variations. Panels k-p: Changes in Tw,
TS/A, dw, da, dNLw and d
NL
a for varying [K
+], F{[K+]; 2.0mM; 1.0 s} (blue
boxplots), [Ca2+], F{5.4mM; [Ca2+]; 1.0 s} (red boxplots), and RR,
F{5.4mM; 2.0mM;RR} (green boxplots), in the horizontal axis for the
22 simulated fibers. Central lines indicate the median, whereas bottom
and top edges show the 25th and 75th percentiles, respectively. Values
of [K+] ∈ {3.0, 4.0, 5.4, 6.2} mM, [Ca2+] ∈ {1.4, 2.0, 2.6, 3.2} mM, and
RR ∈ {0.6, 0.8, 1.0, 1.2} s are used.
TABLE II
P-VALUES FROM STUDENT’S T-TEST TO EVALUATE STATISTICAL
SIGNIFICANCE OF NON-ZERO MEAN FISHER’S Z-TRANSFORMED PEARSON
CORRELATION COEFFICIENT BETWEEN T WAVE MARKERS AND EACH OF
[K+], [Ca2+] AND RR IN THE PATIENT POPULATION
population. As can be seen from the table, all the analyzed 474
T wave markers, except for da, correlated strongly with [K+] 475
and [Ca2+]. On the other hand, only da correlated strongly with 476
RR. 477
E. Mechanisms for Inter-Individual Differences in the 478
Effects of [K+], [Ca2+] and RR on T Wave Changes 479
The results of the linear regression analysis performed to 480
investigate how different proportions of endocardial, midmy- 481
ocardial and epicardial cells contribute to explain individual 482
T wave responses when varying [K+] are presented in Fig. 7 for 483
a commonly used T wave marker, Tw, and a morphology-based 484
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Fig. 6. Panel a: Pearson correlation coefficients between each T wave marker (Tw, TS/A, dw, da, dNLw and d
NL
a ) and [K
+] (left), [Ca2+] (middle) or
RR (right) for the analyzed patients. Panel b: Partial correlation coefficients between each T wave marker (Tw, TS/A, dw, da, dNLw and d
NL
a ) and [K
+]
(left), [Ca2+] (middle) or RR (right) for the analyzed patients after removing the effects of the other two variables among [K+], [Ca2+] and RR. Panel
c: Pearson correlation coefficients between each T wave marker (Tw, TS/A, dw, da, dNLw and d
NL
a ) and [K
+] (left), [Ca2+] (middle) or RR (right) for
the simulated fibers under varying [K+], F{[K+]; 2.0mM; 1.0 s} (left), [Ca2+], F{5.4mM; [Ca2+]; 1.0 s} (middle) and RR, F{5.4mM; 2.0mM;RR}
(right). Each purple dot represents the correlation coefficient for an individual patient or simulated fiber. Central red lines indicate the median,
whereas bottom and top edges show the 25th and 75th percentiles, respectively.
TABLE III
RESULTS OF THE SENSITIVITY ANALYSIS, SY ;c;a1,a2 , FOR DIFFERENT
VALUES OF [K+], WHEN VARYING CELL PROPORTIONS IN LAYER c
FROM a1 TO a2
solid lines showing fitted linear regression models for Tw and486
dNLa for all simulated cases.487
Both Tw and dNLa present clear relationships with transmural488
heterogeneities, being such relationships more or less accen-489
tuated depending on the [K+] level. The highest sensitivities,490
shown in Table III, and coefficients of determination, R2 shown491
in Fig. 7, of the time-based marker Tw are with respect to492
variations in the proportion of endocardial (positive correla- 493
tion) and midmyocardial cells (negative correlation), with a 494
more notable dependence for low [K+] values. In the case of 495
the morphology-based marker dNLa , the highest sensitivity and 496
R2 are observed for midmyocardial (positive correlation) and 497
epicardial (negative correlation) variations, particularly under 498
high [K+] values. Sensitivity results for all the analyzed T wave 499
markers at varying [Ca2+] and RR are presented in Table IV 500
and V. 501
IV. DISCUSSION 502
Serum [K+] and [Ca2+] levels outside the normal range are 503
associated with increased mortality [3], [10], [35]–[39]. The 504
availability of non-invasive tools to monitor serum [K+] and 505
[Ca2+] concentrations, particularly in ESRD patients, might 506
have a significant impact on clinical practice. In this work, 507
we characterized changes in ECG markers measuring duration, 508
amplitude and morphology of the T wave during HD in ESRD 509
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Fig. 7. Panels a-c: Fitted regression lines for the average values of
Tw for all simulated cases sharing the same proportion of endocardial,
midmyocardial or epicardial cells at different [K+] levels. Panels d-f:
Fitted regression lines for the average values of dNLa for all simulated
cases sharing the same proportion of endocardial, midmyocardial or epi-
cardial cells at different [K+], with the reference value for [K+] = 3 mM.
Coefficients of determination (R2), estimated as the square of the linear
correlation coefficient between the analyzed T wave markers and each
cell type (endocardial, midmyocardial or epicardial), are indicated.
TABLE IV
RESULTS OF THE SENSITIVITY ANALYSIS, SY ;c;a1,a2 , FOR DIFFERENT
VALUES OF [Ca2+], WHEN VARYING CELL PROPORTIONS IN LAYER c
FROM a1 TO a2
TABLE V
RESULTS OF THE SENSITIVITY ANALYSIS, SY ;c;a1,a2 , FOR DIFFERENT
VALUES OF RR, WHEN VARYING CELL PROPORTIONS IN LAYER c
FROM a1 TO a2
and HR variations. In addition, we simulated human transmural511
ventricular fibers to unravel potential underpinnings of the high512
inter-individual differences in T wave responses observed in the513
patients in response to electrolyte and heart rate variations.514
A. T Wave Analysis in ESRD Patients During HD515
We evaluated commonly used markers describing T wave516
time and amplitude characteristics, like its width (Tw) and517
its downward slope-to-amplitude ratio (TS/A), as well as more518
recently proposed markers describing morphological charac-519
teristics computed by warping-based techniques (dw, da, dNLw520
and dNLa ). Those markers were measured at sequential time521
points during HD because large changes in serum electrolyte 522
concentrations can be expected during this period. We showed 523
that such an analysis indeed allows to provide a characterization 524
of T wave changes for a wide range of [K+], [Ca2+] and HR 525
variations, with dNLa , dw and da being the markers most strongly 526
correlated with [K+], [Ca2+] and RR, respectively, after remov- 527
ing the effects of the other covariates. These results emphasize 528
the importance of considering more complex markers to fully 529
characterize the ECG repolarization response during HD. 530
Variations in serum electrolyte levels, mainly [K+] and 531
[Ca2+], have been shown to alter ventricular properties in the 532
ECG [7], [10], [11], [40], [41]. In particular, previous studies 533
have described that ECGs recorded under hyperkalemic condi- 534
tions commonly have more peaked T waves than those recorded 535
under normal levels of [K+] [4], [6], [10], [42]. In this study, 536
we could observe such behavior in some of the ESRD patients’ 537
recordings, as illustrated in the bottom panels of Fig. 3. However, 538
a decrease in T wave amplitude could not be consistently mea- 539
sured for all patients, but large inter-individual variability was 540
noted in the relationship between [K+] and T wave amplitude. 541
Other studies have analyzed the effects of [K+] changes on 542
the width, slope and amplitude-to-slope ratio of the T wave 543
as well as the ratio of the T wave amplitude to the R wave 544
amplitude [14], [15], [17], [43], [44]. The main limitation of 545
these descriptors is that, even if some of them may show a high 546
degree of correlation with the level of [K+], their changes cannot 547
be exclusively attributed to [K+] variations, as confirmed in our 548
study by including in the analysis additional confounders like 549
variations in [Ca2+] or HR. 550
Regarding the analysis of the T wave shape, a morphology 551
combination score (MCS) based on T wave asymmetry, flatness 552
and notching [45]–[47] has been used to analyze its relationship 553
with [K+] in a primary care population [48]. A clear association 554
between MCS and [K+] could only be found among individuals 555
with [K+] in the range 2–4.1 mM, but not among those with 556
[K+] in the range 4.2–6 mM. In ESRD patients, we found 557
that morphological variability, specifically quantified by our 558
analyzed T wave marker dNLa was closely related to serum [K
+] 559
in a wide range of values, covering both hyper- and hypokalemic 560
values. 561
As for the effects of [Ca2+] variations on the ECG, a recent 562
large-scale study has found that low [Ca2+] values are asso- 563
ciated with clinically relevant QT prolongation in the general 564
population [7]. In chronic patients undergoing HD, changes 565
in [Ca2+] have been found to be negatively correlated with 566
changes in the last part of the ECG repolarization measured by 567
the T-peak to T-end interval [49]. In this study, we showed that 568
the full repolarization duration measured by Tw indeed presents 569
an inverse relationship with [Ca2+] after removing the effects 570
of other confounders. Nevertheless, such a relationship between 571
Tw and [Ca2+] was not as strong as that of other markers like 572
dw reflecting temporal variations in T wave morphology. 573
B. T Wave Analysis in Simulated Ventricular Tissues At 574
Varying [K+], [Ca2+] and HR 575
All the T wave markers analyzed in this study showed a diver- 576
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during HD. Both the general trend of such relationships and the578
high inter-individual variability were well reproduced by our579
simulated ventricular fibers for most of the markers. This can be580
explained by the fact that we simulated 22 different transmural581
fibers accounting for proportions of endocardial, midmyocardial582
and epicardial cells varying within plausible limits, as reported583
in previous studies [29], [34], [50], [51]. We are not aware of584
other in silico studies investigating morphological variability585
in the T wave of the ECG in relation to electrolyte variations586
such as those occurring during HD, but there are different in587
silico studies characterizing T wave duration and amplitude as588
a function of electrolyte concentrations [15], [16].589
In agreement with our ECG data, an increase in [K+] led590
to shortening of the repolarization time quantified by Tw in591
our transmural fibers. Other computational studies have shown592
divergent results in this regard. In [18], prolongation of the RT593
interval has been reported in response to increased [K+], which594
is acknowledged by the authors to be in contrast with clinical595
data but possibly explained by factors other than [K+]. In [15],596
[52], a simulated increase in [K+] has been shown to lead to QT597
shortening, which would be in line with our results. Our results598
on Tw reduction with increasing [Ca2+] are concordant with the599
shortening of the repolarization time reported by others [16],600
[50], [52]. Also, our results at the cellular level are aligned with601
those obtained with the human ventricular AP model recently602
proposed by Bartolucci et al. [53], which, in contrast to most603
AP models, is able to reproduce a physiological APD-[Ca2+]604
relationship.605
Moreover, in our simulations, the marker TS/A quantifying606
the T wave slope-to-amplitude ratio was shown to correlate607
strongly with [K+] and [Ca2+]. These results are in agreement608
with previous studies [14], [15], in which TS/A was proposed609
as an index to monitor [K+] during HD and a cause-effect610
sequence for the observed decrease inTS/A was provided through611
computational simulations.612
The above discussed results show that in silico modeling613
and simulation can help to gain insight into the ECG changes614
observed in response to electrolyte abnormalities. In contrast615
to other computational studies, which used one single cell or616
tissue electrophysiological model, we simulated a population617
of human ventricular tissue fibers, which can be used to shed618
light on the highly inter-individual relationships between ECG619
markers and [K+] or [Ca2+].620
C. Potential Mechanisms for Inter-Individual T Wave621
Responses to Electrolyte and HR Variations622
We computed T wave marker sensitivities to explain how623
different transmural heterogeneities can contribute to explain624
distinct T wave responses to variations in [K+], [Ca2+] and HR.625
The morphological descriptors dw, dNLw , da and d
NL
a generally626
showed higher sensitivity to variations in the proportions of627
the ventricular layers than the time and amplitude markers Tw628
and TS/A. Previous experimental and theoretical studies have629
described how cell distributions across the ventricular wall affect630
ECG repolarization and, in particular, T wave morphology [22],631
[54]–[59]. Our study confirms these observations on the impact632
of transmural heterogeneities on T wave width, amplitude and 633
shape characteristics, not only at physiological electrolyte con- 634
centrations but also at high and low [K+] and [Ca2+] levels and at 635
different heart rates. Even if transmural heterogeneities can con- 636
tribute to inter-individual differences in the T wave response to 637
electrolyte and HR variations, other ventricular heterogeneities, 638
like interventricular, apicobasal or anteroposterior, may play a 639
relevant role, which should be assessed in further studies. 640
Our results on the sensitivity of T wave morphological mark- 641
ers with respect to variations in transmural heterogeneities, and 642
more specifically to the proportion of epicardial cells within 643
the ventricular wall, are aligned with computational findings 644
presented by Janusek et al. [54], which demonstrated the influ- 645
ence of epicardial cells on the development of T wave alternans, 646
a form of repolarization variability [54]. The contribution of 647
variations in the midmyocardial layer to T wave morphology 648
has been shown in a recent study too [56]. 649
D. Study Limitations and Future Research 650
This study investigated 20 ECG recordings of ESRD patients 651
during an HD session, with 5 blood samples available along HD. 652
Future studies should investigate application of the proposed 653
methods to larger numbers of patients and, if possible, with more 654
available blood samples during the full 48-hour ECG recording. 655
This would allow more robust assessment of the relationship 656
between changes in T wave markers and specific variations 657
in [K+], [Ca2+] or HR, potentially using nonlinear regression 658
statistical techniques [60], [61]. 659
Other electrolytes on top of [K+] and [Ca2+] could modulate 660
T wave changes during HD. In particular, variations in mag- 661
nesium ([Mg2+]) have been reported to be possibly involved 662
in observed alterations in ECG repolarization [7], [62]–[64]. 663
In the present study, [Mg2+] was not investigated due to the 664
unavailability of serum [Mg2+] levels. 665
Our electrophysiological simulations considered human 666
transmural ventricular fibers. Future research is aimed at ex- 667
tending the investigations of the present study to include sim- 668
ulations in bi-ventricular models embedded in patient-specific 669
torso models, from which more realistic ECGs can be computed. 670
This research will additionally allow exploring the role of other 671
types of ventricular heterogeneities, on top of transmural ones, 672
on the T wave response to electrolyte and HR variations. 673
V. CONCLUSION 674
Descriptors of T wave width (Tw), slope-to-amplitude ratio 675
(TS/A) and morphological variability (dw, da, dNLw and d
NL
a ) vary 676
remarkably with varying [K+], [Ca2+] and HR, but a wide 677
range of patterns is observed for such relationships. Among the 678
proposed descriptors, dNLa dw and da are the ones that best 679
correlate with [K+], [Ca2+] and HR, respectively. The propor- 680
tion of midmyocardial and epicardial cells has a large impact 681
on T wave markers, particularly for serum electrolyte concen- 682
trations and HR out of their physiological levels. This suggests 683
that transmural heterogeneities can modulate patient-dependent 684
T wave responses to changes in electrolyte concentrations and 685
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for non-invasive monitoring and prediction of arrhythmic events687
in these patients.688
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